We studied a 43 yr-old Spanish patient with homozygous 4
Introduction
Protein 4.1 is a 80-kD protein that belongs to the red cell skeleton (For reviews, see references 1 and 2). In vitro proteolysis has allowed to dissect protein 4.1 into four domains of 30, 16, 10, and 22/24 kD, respectively (3) . It is phosphorylated (4) (5) (6) (7) and glycosylated (8, 9) . Protein 4.1 occurs as 200,000 copies per erythrocyte. Through its 10-kD domain, it participates in the interaction between actin and spectrin. These proteins, as well as others, assemble to form the junctional complex (2, 10) . Protein 4.1 is connected to transmembrane proteins by its 30-kD domain ( 1 1, 12) . The sequence oferythroid protein 4.1 has been deduced from cDNA 4.1 (13) (14) (15) .
Protein 4.1 gene exists as one copy per haploid genome and maps to lp33 --p34.2 (16, 17) . Its structure is partially known at this time. In the French population, it was found to be associated with five different haplotypes involving the following polymorphic sites-Pvu II, Bgl II, Bgl II, Pvu II, Pvu II-that have been tentatively aligned in this order (18) . A Hind III polymorphism was described in the Chinese population ( 19) .
Immunological studies have long indicated that protein 4.1 is present as isoforms in a number of cell types. Some of these isoforms are spliceoforms. They result from complex splicing pathways that concern tissue-and development-specific alternative motifs (20, 21 ) . Two initiation codons exist. They will be referred to as upstream and downstream. Late erythroid cells use the latter one, exclusively. 4.1 (-) hereditary elliptocytosis (HE)' designates a condition in which the red cell protein 4.1 is reduced (heterozygous state) or absent (homozygous state). Heterozygous 4.1 (-) HE is a clinically silent, dominantly transmitted condition (22) (23) (24) . Homozygous 4.1 (-) HE is exceptional. It has been described in three children ofAlgerian family BR (25, 26) and in an American child (27) . The absence ofprotein 4.1 is accompanied by a sharp reduction of transmembrane glycophorin C (GPC) (27) (28) (29) (30) . This observation is the strongest evidence that protein 4.1 stabilizes glycophorin C in the membrane.
Combining haplotypes and mRNA patterns, several 4.1 (-) HE alleles have been outlined ( 16, 18) ( 18, 20) . 4 .1 mRNA analysis. Reticulocyte mRNA 4.1 was studied by Northern blot and dot blot analysis using the pLym 5' and pLym 3' probes as previously described (18) . As an internal standard for dot blots, we used the signal yielded by an a-globin 1.5-kb Pst I fragment (35) . Serial amounts of mRNA were applied. After hybridization, autoradiograms were analyzed by densitometry. To normalize the results with respect to the conditions ofsubsequent hybridizations with pLym 5'and pLym 3', respectively, we calculated for each series of dots the mean of the optical density ratios: P5, / C5, and P3,/ C3, (P, patient 11.9; C, control; 5', pLym 5'; 3', pLym 3'). In order also to standardize the results with respect to the genuine amount ofmRNA applied in each case (P or C), we expressed the level of mRNA 4.1 as follows: P51/ C5 and P3'1 CY Pa/Ca Pa/Ca (Pa and Ca: optical densities measured using the a-globin probe).
cDNA sequencing. We focused on erythroid specific regions of mRNA 4.1. Reverse transcription (RT) was carried out essentially according to Kawasaki (36) and Frohman et al. (37) . Using the polymerase chain reaction (PCR), we amplified the cDNA segments encoding motif 1 (20) (primers not shown) and the 213-nucleotide (nt) motif that carries the downstream initiation codon (21 ) . In the latter case, PCR was carried out with primers A (sense): GC(GAATTC)-GTGGAGCAGAGGGGCAAAGT, and B (antisense): GC-(GAATTC)AACTGTGCTGGGTCAGGTGG (Fig. 1) , as described or referred elsewhere (38). Specifically, 30 cycles were performed: denaturation (92°C, 60 s), annealing (62°C, 30 s) and extension (72°C, 60 s). Direct sequencing was done as previously described or referred to (38), using primer C (sense): AAGGAAGGAGAAGGACT (Fig. 1) .
Restriction mapping. A genomic DNA fragment of the 213-nt motif was PCR-amplified using primers D (sense): GCTCAGGAA-GAACTCAGAGA, and E (antisense): TCCACAACACATTCATAA-ACTG. 30 cycles were performed: denaturation (92°C, 60 s), annealing (56°C, 30 s) and extension (72°C, 60 s). The 209-bp fragment obtained was digested with Nla III. The subfragments were monitored using 5% Nusieve GTG agarose (FMC Bioproducts, Rockland, ME) gel electrophoresis and ethidium bromide staining.
Results
Protein analysis. (a) SDS-PAGE revealed the absence of protein 4.1 in individual II.9 (Fig. 2) . Western blots using antiprotein 4.1 polyclonal antibodies confirmed the lack ofprotein 4.1 (Fig. 2) (Fig.  2) . (e) Glycophorins C and D were sharply diminished. Altogether, these data confirmed and extended previous results (27) (28) (29) (30) . On the contrary, spectrin self-association parameters were within normal range (data not shown).
In a 4.1 (-) heterozygote (member II.4, a cousin of the propositus on his paternal side), protein 4.1 was decreased by 15%, conforming to values (lower limit) found in previous studies ( 18, 22 mRNA 4.1 analysis. Northern blot analysis allowed to visualize mRNA 4.1 in reticulocytes using both probes pLym 5' and pLym 3'. It appeared with a normal size and a reduced amount (Fig. 3) . Dot blot analysis, using an a-globin probe as internal standard (18) , indicated that the amount of mRNA 4.1 was uniformly reduced by 63% (pLym 5') and 62% (pLym 3') with respect to mRNA 4.1 from a control (Fig. 3) . Such a mRNA pattern has never been found before in association with a 4.1 (-) HE (21 ) (Fig. 4) . Therefore, the downstream AUG initiation codon appeared closed.
This substitution abolished a Nla III site. Accordingly, we PCR-amplified the genomic DNA in patient 11.9 and in a control (primers D/E). The resulting 209-bp fragment was digested with Nla III. Two bands of the expected sizes ( 159 bp and 50 bp) were observed in the control. In patient II.9, the 209-bp band expectedly appeared undigested (Fig. 5) .
Altogether, the simple base mutation (ATG --AGG)
found in protein 4.1 gene, along with the above RFLPs, defines a new allele that we designated allele 4.1 Madrid.
Discussion
We have described the third independent case of HE associated with the absence of erythroid protein 4.1. The patient presented by Mueller and Morrison (27) having not been investigated in detail, we will refer mainly to the three genuine homozygous sisters recognized in Algerian family BR (25, 26) .
Owing to his age, individual 11.9 provides further information as regards the evolution of homozygous 4.1 (-) HE. A period of 31 yr elapsed before splenectomy with manifest clinical symptoms, but only a few transfusions. This evolution, along with that recorded in the three 4.1 (-) homozygotes of Algerian family BR (25, 26) (Prof. G. Tchernia, personal communication), shows that homozygous 4. 1 (-) HE is considerably alleviated by splenectomy, but that this operation can be avoided in the early life.
The biochemical phenotype of the proband was strictly superimposable to that observed in family BR (25, 26, 28) . Clearly, the primary lack of protein 4.1 yields a dramatic disruption of the junctional complex. All the local changes would be worth being examined in greater detail so as to unravel the protein interactions within the complex.
Allele 4.1 Madrid, nonetheless, departs from other 4.1 (-) alleles. In Algerian family BR, the data presented outline aberrant restriction patterns as regards Pst I, EcoR I, and Pvu II sites and the existence of an abnormally spliced mRNA 4.1 ( 16 ) . (It appears that the BglII pattern pertains to the presence of polymorphic site b described subsequently [ 18 ] ). In French families, two additional 4.1 (-) alleles have been defined on the basis of distinct haplotypes and mRNA patterns ( 18) . We come to the idea that 4.1 (-) HE alleles are highly heterogeneous.
The mutation characterizing allele 4.1 Madrid takes place in an exonic sequence. Accordingly, it is expressed as long as this sequence is not skipped. It is unknown whether the 213-nt motif undergoes prevalent skipping in some tissues. It seems likely, however, that the downstream initiation codon is utilized significantly in many cell types. Under this assumption, homozygosity for allele 4.1 Madrid is informative about the role of 80-kD protein 4.1. Apparently, no obvious disorder was noted in patient 11.9 outside the red cells and, tentatively, the germ cells (see below). It looks as if the spliceoforms (-135 kD), arising from the use of the upstream initiation codon, compensate for spliceoforms (-80 kD), arising from the use of the downstream initiation codon (40, 41 The present mutation correlates with a decrease of approximatively 60% in the level ofmRNA. Similarly, initiation codon mutations in al-and a2-globin genes have been found associated with a three-to fourfold decrease in the level of corresponding mRNA (44, 45) . Nonsense mutations in j3-globin gene affect mRNA metabolism to a comparable extent (46) . One possible explanation would be the enzymatic degradation in the cytoplasm of a mRNA which is not translated at all or is translated over a short segment. Another explanation would invoke nuclear events. A feedback signal raised from absent or partial translation could inhibit mRNA transport out of nucleus. Further work will be needed in order to clarify these issues.
In this work, we have presented allele 4.1 Madrid, a unique 4.1 allele responsible for 4.1 ( -) HE and carrying a point mutation in the downstream initiation codon. Whereas allele 4.1 Madrid is deleterious to the red cell in the homozygous state, the upstream initiation codon apparently spared the synthesis of 1 35-kD protein in other cell types.
